Animals that naturally acquire the prion diseases have a well-developed olfactory sense that they utilize for a variety of basic behaviors. To assess the potential for the nasal cavity to serve as a point of entry for prion diseases, a small amount of prion-infected brain homogenate was placed inferior to the nostrils of hamsters, where it was immediately sniffed into the nasal cavity. Hamsters extranasally inoculated with the HY strain of transmissible mink encephalopathy (TME) agent had an incubation period that was not significantly different from per os inoculation of the same dose of the HY TME agent. However, the efficiency of the nasal route of inoculation was determined to be 10 to 100 times greater based on endpoint dilution analysis. Immunohistochemistry on tissues from hamsters killed at 2-week intervals after inoculation was used to identify the disease-associated form of the prion protein (PrP d ) to determine the route of prion neuroinvasion. Nasal mucosa-associated lymphoid tissue and submandibular lymph nodes initially accumulated PrP d as early as 4 weeks postinfection. PrP d was first identified in cervical lymph nodes at 8 weeks, in the mesenteric lymph nodes, spleen, and Peyer's patches at 14 weeks, and in the tongue 20 weeks after inoculation. Surprisingly, there was no evidence of PrP d in olfactory epithelium or olfactory nerve fascicles at any time after inoculation. Therefore, the HY TME agent did not enter the central nervous system via the olfactory nerve; instead, PrP d accumulated in elements of the cranial lymphoreticular system prior to neuroinvasion.
The prion diseases, or transmissible spongiform encephalopathies (TSEs), are a group of fatal neurodegenerative diseases that affect animals, including humans. These neurodegenerative diseases are notable for their ability to be transmitted from one animal to another and for their relatively long incubation periods. The natural route(s) of transmission have not been determined. The route of transmission that has been studied experimentally most extensively is the oral pathway. This route is thought to be responsible for the transmission of kuru, bovine spongiform encephalopathy (BSE), transmissible mink encephalopathy (TME), and variant CreutzfeldtJakob disease. Experimentally it has been shown that after ingesting food pellets containing infected brain homogenate prions gain access to the central nervous system (CNS) via the autonomic innervation of the gut (7, 27, 34, 36) . The prion agent is transported retrogradely to the thoracic spinal cord and the medulla via the sympathetic and parasympathetic nerves, respectively (36) . Once the prion agent enters the CNS, there is evidence that spread occurs via synaptically linked neurons (3, 7, 43) .
With the exception of BSE-contaminated meat and bone meal thought to be responsible for the outbreak of BSE in the United Kingdom (10) and the cannibalistic practices that spread kuru (18) , the source of the prion agent that naturally spreads the TSE among the affected species is not known. Prions have been found in the urine of mice with chronic kidney infections, indicating that urine may be a vector for the spread of prion diseases in some cases (45) . Recently, it was reported that infectious prions were found in the saliva and blood of deer with chronic wasting disease, thus indicating that these bodily fluids may be a source of infection in the wild (33) . Other potential sources of infectivity that have varying levels of experimental support for their efficacy include placenta (42) , decaying carcasses (39) , and excreta (39) . A recent in vitro study reported that soil can bind prions and maintain infectivity, thus potentially serving as a prion reservoir (25) .
Deer, elk, cattle, and sheep are susceptible to the TSE, and each of these species has a well-developed olfactory system that is used for reproductive purposes and to detect predators and food. Thus, it is likely that the nasal cavity of these species would be an initial site of contact with any material that harbors the infectious agent. We tested the hypothesis that the nasal cavity is a site of entry and neuroinvasion for the prion agent by placing a small amount of the hyper (HY) strain of TME agent just inferior to the nostrils of hamsters and observing these animals for the onset of clinical signs. This route was established to be more efficient for causing disease than oral inoculation. Subsequently, we carried out a pathogenesis study to identify the initial site(s) of deposition and subsequent spread of the prion disease-associated isoform of the prion protein (PrP d ). Immunohistochemistry (IHC) was used to identify PrP d in the nasal cavity, submandibular lymph nodes, cervical lymph nodes, mesenteric lymph nodes, spleen, Peyer's patches, and tongue at 2-week intervals after extranasal (e.n.) exposure to the inoculum. Hamsters receiving e.n. inoculations were anesthetized with ketamine (120 mg/ kg) and xylazine (10 mg/kg) intraperitoneally, and 5 l of inoculum was placed just inferior to each nostril, for a total of 10 l of inoculum per animal. By not placing the pipette tip inside the nasal cavity the possibility of inadvertent damage to the nasal mucosa with subsequent infection of blood was avoided. The inoculum was observed to be immediately drawn into the nasal cavity after ejection from the pipette. The hamsters were then placed supine until the anesthesia wore off and they began to move, which took between 5 and 10 min. Hamsters inoculated per os were deprived of food for 24 h prior to being given a food pellet that contained 10 l of inoculum. For i.c. inoculations, hamsters were anesthetized with isoflurane (Webster Veterinary, Kansas City, MO), and 50 l of inoculum was injected into the right hemisphere by using a 30-gauge needle attached to a 1-ml tuberculin syringe.
Clinical diagnosis and calculation of incubation period. The incubation period was calculated as the length of time in days between exposure to the infectious agent and the onset of clinical signs. Hamsters were observed for the onset and progression of clinical signs three times a week beginning 60 days after inoculation. Clinical signs characteristic of HY TME include an unkempt coat, waddling gait, hyperactive responses to a gentle puff of air or light touch, ataxia, and body tremors.
Efficiency of the nasal route. The endpoint titration of HY TME by the e.n., per os, and i.c. routes was established by inoculating groups of five hamsters with 10-fold serial dilutions of inoculum and determining the incubation period and attack rate. The titer was calculated by using the method of Reed and Muench. The efficiency of the e.n. route was compared to that of the i.c. and per os routes.
IHC. Infected and mock-infected hamsters were anesthetized with isoflurane and perfused transcardially with 50 ml of 0.01 M Dulbecco phosphate buffered saline, followed by 75 ml of McLean's paraformaldehyde-lysineperiodate fixative in preparation for IHC to identify the prion protein. The following tissues were immediately dissected and placed into paraformaldehyde-lysine-periodate for 4 to 5 h at room temperature: nasal cavity, the lymph nodes that drain the nasal cavity (submandibular and deep cervical lymph nodes [40] ), the mesenteric lymph nodes, spleen, Peyer's patches from the proximal jejunum, and the tongue. The tissues, except for the nasal cavity, were embedded in paraffin, cut at 7 m on a rotary microtome, and mounted onto glass slides. The nasal cavity was placed in decalcifying solution at room temperature for 3 to 4 weeks prior to being embedded and cut at 5 m. Infected and mockinfected tissues for each time point were processed at the same time, using the same reagents. All tissue sections were deparaffinized and subjected to antigen retrieval in formic acid (minimum 95%) for 10 min at room temperature. All of the following steps were carried out at room temperature, and all incubations were separated by two to three rinses with 0.05% Tween in Tris-buffered saline. Endogenous peroxidase and nonspecific antibody binding were blocked by incubating the tissue sections in 0.3% H 2 O 2 -methanol for 20 min, followed by incubation in 10% normal horse serum for 30 min. Visualization of the prion protein was carried out using the avidin-biotin method. Incubation in mouse anti-prion protein monoclonal antibody (clone 3F4, 1:600; Chemicon, Temecula, CA) was carried out for 2 h at room temperature, followed by incubation in biotinylated horse anti-mouse antibody (1:600; Vector Laboratories, Burlingame, CA) for 30 min. The sections were placed in ABC solution (1:200; Vector Laboratories) for 20 min and then reacted in a solution containing filtered 0.05% diaminobenzidine tetra- a Maximum distance between tissue sections; the sampling frequency was usually higher so the distance between sections was less. b For lymph nodes, the values are subdivided by submandibular (S), cervical (C), and mesenteric (M) lymph nodes. c A subset of sections from the nasal cavity that contain NALT. The sections were counterstained with hematoxylin, dehydrated through graded alcohols, and coverslipped with Cytoseal-XYL (Richard Allan Scientific, Kalamazoo, MI). Control sections were processed identically with either the primary or the secondary antibodies omitted or with a mouse immunoglobulin G isotype control (Abcam, Cambridge, MA) in place of the primary antibody at the same concentration. When additional morphological detail was required, selected adjacent tissue sections were stained with hematoxylin and eosin.
To determine the temporal and spatial spread of PrP d after exposure to the nasal cavity, tissue sections were examined by using an Olympus BX-40 light microscope and photographed using analySIS software (Soft Imaging System, Lakewood, CO). The sampling frequency and total number of sections of the various tissues that were processed and analyzed are summarized in Table 1 . For infected hamsters, regularly spaced tissue sections from the nasal cavity spaced not more than 200 m apart were inspected for the presence of PrP d immunoreactivity (PrP d -ir); for the portion of the nasal cavity that contained the nasal mucosa-associated lymphoid tissue (NALT), the sampling frequency was increased so that the inspected sections were not more than 40 m apart. For lymph nodes, spleens, and Peyer's patches of infected hamsters, two to four serial sections spaced not more than 56 m apart were processed and analyzed. The tongue was cut sagittally, and sections from infected hamsters not further apart than 252 m apart were processed and analyzed. For each tissue the initial time postinoculation of PrP d deposition was established, as well as the time when all inoculated hamsters demonstrated PrP d . Sections from each type of tissue were also processed at 22 weeks after inoculation to determine the pattern and extent of PrP d deposition close to the onset of clinical symptoms. RESULTS TME infection after e.n. exposure. The efficiency of the e.n. and per os routes of HY TME infection were determined by calculating the TME titer by endpoint dilution. Based on these data, the LD 50 values per gram of brain tissue were 10 5.5 for the e.n. route, 10 3.7 for the per os route, and 10 9.3 for the i.c. route. Thus, e.n. exposure was between 10 and 100 times more efficient in transmitting disease than oral inoculation via a food pellet. By comparison, the e.n. route was 1,000 to 10,000 times less efficient in transmitting disease than direct i.c. inoculation (Table 2) .
Deposition and accumulation of PrP d in extraneural structures. IHC was used to identify the initial site and time of deposition and the subsequent temporal spread of PrP d after e.n. inoculation of HY TME in hamsters that were killed at 2-week intervals after inoculation. The nasal cavity, the submandibular and cervical lymph nodes, the mesenteric lymph nodes, the spleen, Peyer's patches, and the tongue were examined for the presence of PrP d . The pattern of PrP-ir seen in infected hamsters was compared to that of mock-infected hamsters processed identically (with the same reagents at the same time) for each time point. Discrete, punctate deposits of PrP-ir were seen in selected tissues in infected hamsters but never in mock-infected hamsters and are referred to here as PrP d (Fig. 1) . Omission of either the primary or secondary antibody or replacement of the primary antibody with an isotype control resulted in a complete lack of staining on control sections (data not shown). A summary of the temporal deposition of PrP d in peripheral tissues is shown in Table 3 .
Nasal cavity. Regularly spaced frontal or sagittal tissue sections from the entire extent of the nasal cavity from infected and mock-infected hamsters killed at 2-week intervals after inoculation were examined for the presence of PrP d . The lining of the nasal cavity included olfactory, respiratory, and follicleassociated epithelia that are attached to a lamina propria (Fig.  2) . Immunoreactivity to the 3F4 antibody was restricted to aggregations of lymphoid tissue in the lamina propria of the , white pulp nodule of the spleen (E and F), Peyer's patch (G and H), and a fungiform papillae of the tongue (I and J; base of taste bud outlined by dashed line) from infected and mock-infected hamsters that were processed identically. Note the punctate deposits of PrP d that were seen only in tissues of hamsters that were inoculated e.n. with HY TME and the lack of PrP d in the same tissues taken from the e.n. mock-infected hamsters. Bar, 50 m.
floor of the nasal cavity at the entrance of the nasopharyngeal duct (Fig. 2D) . This unencapsulated lymphoid tissue was organized into follicles and has been designated by others as NALT (31, 47, 51) . There was no immunoreactivity in the olfactory epithelium (Fig. 2B) , the respiratory epithelium (Fig.  2C) , or the vomeronasal organ (data not shown) in any hamster, at any time point after inoculation. The only site of discrete, punctate staining in the nasal cavity of infected hamsters was in the NALT (Fig. 1A, 2D, and 3) . Punctate, discrete immunoreactivity was never seen in the NALT or in any of the tissues examined from any of the mock-infected hamsters (Fig.  1B, 1D, 1F, 1H, and 1J) .
There was no staining in the nasal cavity of infected hamsters 2 weeks after inoculation. Beginning at 4 weeks after inoculation a few discrete, granular depositions of PrP d of various size were visible in the NALT of all three infected hamsters bilaterally (Table 3 and Fig. 3A) . The immunoreactive accumulations were as large as 2 to 3 m in diameter and appeared to be primarily located in the cytoplasm or on the surface of relatively large, pale staining cells located between lymphocytes (Fig. 3) . We did not identify these cells using any cell-specific markers but, based on their size, location, and previous reports, the PrP d appeared to be associated with macrophages and follicular dendritic cells (1, 2, 28, 35, 46, 52) . At every subsequent time point all three of the infected hamsters had PrP d in the NALT, and the amount of PrP d gradually increased in hamsters at later time points postinfection (Fig. 3) . In hamsters that survived 22 weeks after inoculation, the PrP d was located through the entire rostral-caudal and medial-lateral extent of the NALT (Fig. 3D) .
Lymph nodes. PrP d was first noted in the follicles of submandibular lymph nodes of one of the three infected hamsters 4 weeks after inoculation. It was present in two of three infected hamsters 6 weeks after inoculation and in all three infected hamsters at all subsequent time points (Table 3) . The amount and pattern of deposition of PrP d was variable from one hamster to the next within a group, but a gradual increase in PrP d immunoreactivity over time was consistently observed (Fig. 4A) . Uninfected lymph nodes were present among the infected lymph nodes, even at later time points, and infected follicles within a given lymph node were sometimes, but not always, adjacent to one another (Fig. 4A) Table 3 ). The deposition of PrP d within the cervical lymph nodes was similar in appearance to that seen in submandibular lymph nodes, but the amount of immunoreactivity was consistently less (Fig. 4C) , and PrP d did not accumulate in multiple follicles over time. The maximum number of PrP d -ir follicles seen in a cervical lymph node was six, which was seen in a hamster at the earliest time point at which a cervical lymph node was determined to be immunopositive. PrP d was first noted in the mesenteric lymph nodes of two infected hamsters at 14 weeks after inoculation but was not seen in all three infected hamsters till 20 weeks after inoculation (Table 3). The number of PrP d -ir follicles and the amount immunoreactivity per immunopositive follicle was much less than what was noted in either the cervical or the submandibular lymph nodes (Fig. 4E) , but the location of PrP d was the same between lymphocytes and in association with presumptive macrophages and follicular dendritic cells.
Spleen and Peyer's patches. PrP d was first noted in white pulp nodules of the spleen in two of three hamsters 14 weeks after inoculation with HY TME (Table 3 ; Fig. 5A ). It was present in all three hamsters at 16 and 22 weeks after inoculation. Although the number of immunopositive nodules increased with time from inoculation, the maximum number of PrP d -ir nodules on any section of spleen was five, which represented less than half the number of nodules present. The pattern of immunoreactivity was similar to what has been reported previously in mice inoculated i.c. (24), with staining predominantly in the germinal center of white pulp nodules and less-frequent staining in the peripheral white pulp. Although no additional markers were used to identify specific cell types, the staining was clearly restricted to nonlymphocytes (Fig. 5B) . In Peyer's patches PrP d was first noted in one hamster 14 weeks after inoculation and in one hamster at 16 weeks (Table 3) . At 18 weeks, PrP d was seen in the Peyer's patches of two of the three infected hamsters and in all three infected hamsters at 20 and 22 weeks after inoculation (Fig. 5C ). The deposition of PrP d in Peyer's patches was similar to what has been reported previously for orally inoculated hamsters (6) . PrP d was located between lymphocytes and in, or on, large cells, presumably macrophages and/or follicular dendritic cells (Fig. 1G and 5D ). Although the majority of PrP d was located within the Pey- (A) A low-power view of a hematoxylin-and-eosin-stained coronal section of half of the nasal cavity from a hamster shows the midline nasal septum, the position of the NALT (indicated by arrows), the boundary between the olfactory and respiratory epithelia (dotted line), and the extent of the follicle-associated epithelium overlying the NALT (asterisks). The olfactory epithelium lines the nasal cavity above the dotted line, while respiratory epithelium lines most of the nasal cavity below the dotted line. The follicle-associated epithelium lines a small part of the nasal cavity that overlies the NALT. Adjacent tissue sections from the areas indicated by boxes 1 to 3 in panel A from a hamster 6 weeks after e.n. inoculation were processed for PrP d using IHC and shown at higher magnifications in panels B to D, respectively. Note the lack of PrP d in the olfactory epithelium (B) and the respiratory epithelium (C) and the adjacent nerve fascicles in the lamina propria (arrows). (D) Punctate deposits of PrP base of taste buds, but also in the lamina propria and in a small number of nerve fascicles on the dorsum or tip of the tongue (Fig. 1I and J) . PrP d was not seen in skeletal muscle cells or in the stratified squamous epithelium of either the dorsal or ventral surfaces of the tongue in any hamster.
DISCUSSION
Other than a brief mention of mice being infected intranasally with scrapie agent in a 1963 publication (13) , this is the first report of prion infection after exposure of the agent to the nasal cavity. All hamsters e.n. infected with a high dose of HY TME brain homogenate became clinically ill with an incubation period similar to that of hamsters infected per os with the same dose of HY TME agent. Of particular interest was the finding that the nasal route was more efficient than the oral route, based on the calculated LD 50 per gram of tissue (Table  2) . Thus, a smaller dose of agent introduced to a hamster via the nasal cavity was more likely to result in disease than if a food pellet containing the inoculum was ingested. However, we cannot exclude the possibility that other modes of oral infection (e.g., direct application to oral mucosa) may change the relative differences between these two routes of infection. This route of infection may be of significance to the natural transmission of disease, since animals that naturally develop the TSE are olfactory driven and use their olfactory sense for a variety of basic life activities such as securing food, detecting predators, and reproduction. Therefore, they may expose their nasal cavity to the infectious agent as they use their sense of smell to explore their environment. The placement of the agent just outside of the nasal cavity in the present study was intentional so as to avoid any unintentional damage to the epithelia that line the nasal cavity with the pipette tip, since there are nerves and blood vessels located in the underlying lamina propria that could unintentionally serve as a site of entry for the agent. PrP d was identified using IHC in the NALT of the nasal cavity of all infected hamsters between 4 and 22 weeks postinfection, but not in the olfactory epithelium and nerve fascicles, as we had hypothesized. There were several reasons to expect that the olfactory nerve might serve as a route of entry for prion infection after nasal cavity exposure, including the expression of PrP c by olfactory receptor neurons (17) , which is necessary for prion replication (8) ; the ability of olfactory receptor neurons to support prion replication (11, 54) ; and the involvement of olfactory structures in chronic wasting disease of deer and elk (48, 53) . However, in the experiments reported here none of the cells of the olfactory epithelium, 75 to 85% of which are olfactory receptor neurons (14) , and no associated nerve fascicles, which include the axons of these neurons, accumulated any detectable amount of PrP d at any point after exposure to the agent. Thus, the olfactory neurons were not responsible for transporting prions into the CNS of these animals. Instead, it appears that the neuroinvasion of this strain of prion in this animal model is another example where the agent initially accumulates in peripheral lymphoid tissue and is subsequently transported to the CNS (recently reviewed in reference 32).
The detection of PrP d in the NALT of all infected hamsters at 4 weeks after inoculation, which represents 14% of the incubation period, is much earlier than the first detection of agent in the Peyer's patches in the present study (14 weeks; 50% of the incubation period). This interval is also earlier than other reports of peripheral accumulation of the agent in lymphoid tissue after per os inoculation of a similar prion strain in hamsters (6) . Whether this relatively early and progressive accumulation of agent in lymphatic tissue after a nontraumatic inoculation is responsible for the greater efficiency of this route compared to the per os route in this model of prion infection, or is just coincident, remains to be determined. The NALT in rodents are a component of the mucosaassociated lymphoid tissue that includes bronchus-associated lymphoid tissue and Peyer's patches (31, 47) . The NALT are paired, unencapsulated lymphoid structures located in the floor of the nasal cavity near the entrance to the pharynx that are thought to be analogous to the tonsils and adenoids in humans (29, 31) . Rodent NALT is covered by a follicle-associated epithelium that includes microfold cells (M cells) and consists of follicles containing T cells, B cells, macrophages, and follicular dendritic cells (19, 22, 30) .
The temporal pattern of PrP d accumulation after e.n. exposure is consistent with initial accumulation in the NALT, followed quickly by spread to the draining submandibular lymph nodes and then to the regional deep cervical lymph nodes. From there the agent could enter the lymph and blood and spread to distant lymph nodes and the spleen, since detection of PrP d in these structures occurred 6 weeks later at 14 weeks after inoculation. Alternatively, the agent may gain access to the lymph nodes and blood via unknown non-NALT routes.
PrP d was detected in the Peyer's patches of one of three infected hamsters at 14 and 16 weeks after inoculation. These time points represent 50 and 57% of the incubation period. Given that neuroinvasion of the spinal cord and brain usually occurs between 25 and 50% of the incubation period after non-neural inoculation (26) , the presence of PrP d in the Peyer's patches at these and subsequent time points in the incubation period of this route of infection suggests the spread of the agent from the CNS to these structures, as opposed to being an entry point for neuroinvasion. Alternatively, some of the infectious agent may have been swallowed after passing through the nasopharynx and reached the gut to accumulate in the Peyer's patches at these later time points. The relatively late appearance of PrP d in the tongue (Ͼ70% of the incubation period) indicates that the agent did not enter the CNS via the nerves that innervate this structure but were transported centrifugally from the infected brainstem to the tongue, as has been reported previously (11) .
Whether neuroinvasion in this model of prion infection occurs via direct innervation of the NALT (30, 47) (Fig. 3C) , the sympathetic fibers that innervate lymph nodes and spleen (15, 16, 20, 21) , the well-documented innervation of the Peyer's patches (6, 34) , or some combination of these structures remains to be determined. Other potential routes of entry from the nasal cavity to the CNS include the trigeminal and parasympathetic innervation of nasal cavity structures (14) .
Although there has not been a documented case of natural transmission via the nasal cavity to date, sheep, deer, and elk possess lymphoid tissue in their nasopharynx (referred to as either NALT or pharyngeal tonsils), and these species transmit the TSE agent horizontally between animals within a herd (9, 12, 23, 37, 38, 49) . Support for the nasal cavity as a potential natural route of entry includes the finding that lymphoid follicles in the nasal septum of freeranging and captive mule deer that were dying of chronic wasting disease contained the proteinase-resistant isoform of the prion protein (48) and the recent report that NALT can support prion accumulation after i.c. inoculation (11) . Thus, in addition to neuroinvasion after experimental exposure to abraded tongue (4) and skin (50) , to intact gut epithelium (5, 7, 27) , and to conjunctiva (44) , prions may efficiently enter the CNS and cause disease following exposure to the intact nasal cavity.
